Interest in vitamin A as a regulator of immune function goes back to the early 1900s. Recently, several lines of evidence have converged to show that retinoic acid (RA), a major oxidative metabolite of vitamin A, plays a key role in the differentiation of T cell subsets, the migration of T cells into tissues, and the proper development of T cell-dependent antibody responses. This review discusses evidence from experimental studies that RA promotes the differentiation of regulatory T cells, which help to suppress inflammatory reactions, and plays a significant role in normal mucosal immunity by modulating T cell activation and regulating cell trafficking. RA also promotes antibody responses to T cell-dependent antigens. Conversely, in a state of vitamin A deficiency, inflammatory T cell reactions may be inadequately opposed and therefore become dominant. Although data from human studies are still needed, the framework now developed from studies in mice and rat models suggests that adequate vitamin A status, whether derived from ingestion of preformed retinol or b-carotene, is important for maintaining a proper balance of well-regulated T cell functions and for preventing excessive or prolonged inflammatory reactions.
INTRODUCTION
The idea that vitamin A is important for immunity goes back to the early 20th century when Edward Mellanby and his colleague Harry Green reported on vitamin A and b-carotene as "antiinfective" agents (1, 2) . Mellanby later recollected that while they were conducting studies on bone health in dogs fed diets lacking in fat-soluble vitamins A and D, they noted the development of bronchopulmonary infections, which they believed were unrelated to the status of the bones, and thus independent of a deficiency of the antirachitic factor, vitamin D (3). Green and Mellanby then undertook studies in rats and reported in 1929-1930 that vitamin A conferred protection against infection (1), as did b-carotene (2) .
By the turn of the 21st century, several randomized clinical trials of vitamin A intervention (reviewed in references [4] [5] [6] [7] [8] had shown that correcting a deficiency of vitamin A in at-risk populations can improve overall outcomes in terms of reduced morbidity and mortality. In young children, reductions in deaths from measles and diarrheal disease are believed to underlie much of this effect (4, (9) (10) (11) . Today, dietary vitamin A, acting through its active metabolite, retinoic acid (RA) 5 , is recognized as an essential factor for normal immune system development and regulation. Whereas many immune cell types are involved in nearly every disease process, T lymphocytes are central to intestinal mucosal immunity. In the past few years, substantial progress has been made in understanding the roles of vitamin A in the regulation of T cell-dependent responses. This review highlights new information regarding vitamin A and RA in T cell differentiation, regulation of immune responses in the intestine, and the antibody response.
RA IN THE REGULATION OF T CELL DIFFERENTIATION
T cells orchestrate a wide variety of immune responses. For a mature but naive T cell to become an effector T cell, the naive cell must receive multiple signals and integrate them effectively. Signals are derived by cell-cell contacts with antigen-presenting cells, including dendritic cells (DCs), macrophages, and B cells, which are themselves regulated in part by vitamin A and RA (12) , and by signals delivered by cytokines present in the cell's immediate environment that bind to receptors on the T cell surface and initiate signal transduction events. The concept that T helper (Th) cells can undergo a process of stable differentiation along 2 distinct pathways, leading alternatively to Th1 and Th2 cells, was proposed by Mosmann et al (13) and Mosmann and Coffman (14) in the late 1980s as a framework for understanding discrete patterns of cytokine secretion observed in cloned, activated CD4 + T cells. Further studies showed that when uncommitted CD4 + T cells are activated through the T cell receptor in a microenvironment rich in the proinflammatory cytokine IL-12, which is produced by activated DCs and macrophages in response to infection or inflammation, as well as the cytokine interferon g, produced by natural killer cells and T cells, they become polarized into "Th1 cells." The Th1 cells themselves become producers of interferon g as their "signature cytokine." Alternatively, when uncommitted CD4 + T cells are activated in a microenvironment rich in IL-4, a cytokine produced by a variety of cell types, they become polarized into "Th2 cells." These cells then produce IL-4 as their signature cytokine, along with IL-5 and other cytokines. The concept of stably differentiated effector Th1 and Th2 cell subsets stimulated great interest in understanding how pathogens and host environmental factors, including micronutrients, interact to regulate T cell activation and differentiation. Vitamin A deficiency was shown to result in an environment conducive to the differentiation of naive precursor CD4 + T cells into interferon g-secreting Th1 cells (15, 16) . Conversely, vitamin A and RA generally promote differentiation toward Th2 cells and the production of IL-4 and IL-5 (17) (18) (19) (20) (21) or increase the ratio of Th2 cytokines relative to Th1 cytokines by reducing the Th1 response (22) .
Subsequent molecular studies have shown that the differentiation of Th0 cells into either Th1 or Th2 cells is orchestrated by specific transcription factors. These factors act as master regulators that drive the expression of key genes that, in turn, determine the phenotype of the resulting differentiated T cells. For Th1 cells, the master regulator is T-bet, which, together with another transcription factor, runt-related transcription factor 3, drives the expression of the IFNg gene and is required for Th1 cell differentiation, while at the same time silencing the IL-4 gene (23) . For Th2 cells, the master transcriptional regulator is GATA3, which drives expression of the IL-4 gene and is required for Th2 cell differentiation. Epigenetic changes further stabilize the polarized state of these T cell subsets (24) . The cytokines produced by committed Th1 and Th2 cells act in an autocrine-paracrine manner to further regulate local immune responses. In experimental studies, animals or isolated naive T cells treated with appropriate stimuli in the presence of RA have generally expressed higher levels of Th2-associated genes and produced higher amounts of Th2 cytokines, such as IL-4 (19, 20) . Alternatively, the relative amount of IL-4 compared with interferon g or IL-12 may also be elevated as a result of downregulation of Th1 cytokines, as shown in RA-treated immunized mice (22) , which also exhibited reduced expression of the Th1 factors T-bet and interferon regulatory factor 1 (22) . In a mouse model of autoimmune insulitis (type 1 diabetes), RA reduced the T cell expression of T-bet as well as Signal Transducers and Activators of Transcription 4, a transducer of IL-12 signals. However, the induction of T-regulatory (Treg) cells, discussed below, was also required for suppression of the islet-infiltrating T cells responsible for this autoimmune disorder (25) .
Several additional Th cell lineages have now been identified, and others have been proposed (26) . A third major subset, the Th17 cell (27, 28) , has emerged as playing a major role in the inflammatory response, especially at mucosal barriers where these cells are most abundant and where they function as effector cells against intracellular pathogens (27) . Th17 cells also play an important role in the pathology of autoimmune and allergic disorders, and therefore it is important for multiple reasons to understand what controls their differentiation. Th17 cells are induced when T cells are activated in the presence of transforming growth factor b (TGF-b) combined with IL-6, which provides a distinct proinflammatory signal. Th17 cells produce IL-17 as their signature cytokine, as well as IL-23, IL-22, IL-6, TNF-a, and chemokines (27, 29) , which help recruit neutrophils to sites where the Th17 cells were initially activated. The Th17 cell master regulators are 2 orphan nuclear receptors, retinoid orphan receptor (ROR) gt and RORa, named for their homology to the nuclear retinoid receptor proteins (28, 30) . RA has been shown to oppose Th17 cell commitment (29) whereas, as noted below, RA induces regulatory T cells that are critical for maintaining immune homeostasis and for preventing the induction of autoimmune T cells.
Whereas the rapid induction of effector T cell responses, discussed above, is important for host defense, Th1 and especially Th17 cells can cause excessive activation and tissue damage when their effects are prolonged or are not appropriately attenuated. Another subset of CD4 + Th cells, Treg cells, which also are prominent at mucosal surfaces (27) , typically perform a suppressive function. Although Treg cells are functionally and phenotypically diverse, they produce cytokines that modulate inflammatory responses, such as IL-10. These cells are indispensable for self-tolerance and have been shown to suppress autoimmune disorders (31) . Whereas "natural" Treg cells develop in the thymus, Treg cells can also develop in nonthymic tissues in response to infection or inflammation; this subset is referred to as induced Treg (iTreg) cells (31, 32) or adaptive Treg cells (33) . As noted later, one crucial role for iTreg cells is in the maintenance of intestinal homeostasis, which is required for tolerance to commensal bacteria and food proteins. iTreg cells are marked by their expression of the Forkhead/winged helix family transcription factor forkhead box P3 (Foxp3), which functions as their master regulator and is essential for iTreg formation (28, 29, 31) . Where does vitamin A fit in? Within the past few years, it has become recognized that RA is one of the critical factors that provides signals for the differentiation of iTreg cells (33) (34) (35) (36) . In the presence of TGF-b and adequate amounts of RA, but low IL-6, iTreg differentiation is favored. Moreover, Foxp3 can directly bind to and inhibit the transcriptional activity of RORa and RORgt through proteinprotein interactions (27) , aiding the induction of iTreg cells. RA also suppresses Th17 cell development by increasing TGF-b signaling and reducing the level of expression of the IL-6 receptor (35) . The relative increase in iTreg and the inhibition of Th17 development can shift the balance of these cells toward more effective immune homeostasis. Overall, the balance between RORgt + Th17 and Foxp3 + iTreg cells and their ability to cross-regulate one another (27, 28, 34) have emerged as crucial factors for normal mucosal immunity.
A current model of T cell development and its regulation by RA is shown in Figure 1 . Whereas early models suggested that Th cell differentiation resulted in stable, terminally differentiated T cell subsets, there is now increasing evidence for T cell plasticity, ie, the potential for one type of differentiated T cell to develop some of the characteristics of another (26, 37) . Plasticity is supported by studies of the epigenetic modification of chromatin, which have shown, for example, that the Foxp3 promoter in some iTreg cells is only partially demethylated, whereas in contrast the Foxp3 promoter in natural thymic Treg cells is fully demethylated, which is indicative of their full commitment to Foxp3 expression (24) . Similarly, some iTreg cell histones possess "bivalent" modifications, such lysine methylation patterns, which suggest that the gene is poised for further modification of its expression, rather than having reached a fixed, terminal state (24) . Th cell plasticity is thought to be relatively high in the early stages of CD4 + T cell differentiation toward a given Th subset and then reduced as the T cells are further stimulated with polarizing cytokines and become more strongly committed to their particular subset type (26) . It has been stated that plasticity of the T cell compartment allows the immune response to be tailored to the local milieu (28) . However, the detection of Th cells that express both Foxp3 and RORgt has added complexity and may suggest a kind of "hybrid" T cell or an intermediate stage in T cell differentiation in mucosal tissues. It could also be that iTreg cells can take on some of the characteristics of Th17 cells, albeit with lower IL-17 gene expression, depending on the amount of IL-6 or other factors, including IL-1b, that are present in the local environment (27, 28, 37, 38) . In this regard, the ability of the local environment to provide an adequate supply of RA to promote iTreg maintenance, or to be conducive to the conversion of Th17 cells into iTreg cells, could be very important. In current models, RA and IL-6 [and also IL-1b in human T cells (27, 28) ] function as binary switches that, on top of the necessary signals provided by TGF-b for both of these differentiation pathways, direct naive T cells along the iTreg pathway or Th17 pathway, respectively (27) (28) (29) . Whereas there is evidence that iTreg cells can convert to Th17-producing cells, evidence for the reverse is lacking (37) . The "reprogramming" or "redifferentiation" of iTreg cells into effector Th cells other than Th17 cells has also been reported (37, 39) . Fate mapping studies (40) have shown that a substantial number of IL-4-and interferon g-producing cells had once expressed Foxp3, which also suggests plasticity over time. It has been cautioned that most studies of T cell plasticity have been conducted at the population level, and thus the programs of differentiation of individual cells need further clarification (37) .
VITAMIN A IS A NECESSARY FACTOR IN THE HOMING OF T CELLS AND B CELLS IN THE INTESTINE
One way in which a deficiency of vitamin A may increase the risk of morbidity and mortality is through an impaired response to diarrheal infections (4, 7). Vitamin A is necessary for maintaining intestinal integrity (41), regulating mucin gene expression (42) , and normal production of intestinal IgA (43) . Studies on the status of T cells in the intestine of vitamin A-deficient mice showed that the submucosal lamina propria region was nearly devoid of CD4 + and CD8 + T cells (44) . A lack of lamina propria T cells would likely impair the immune response of the intestine to pathogens that have breeched the epithelium. Next, the expression of chemokine (C-C motif) receptor (CCR) 9 and a4b7 integrin on the T cell surface was examined in vitamin A-deficient mice because previous work had shown that the FIGURE 1. Model of T cell differentiation, after contact with antigen-activated DCs, from uncommitted naive T cells into different T cell subsets that produce different cytokines and thus promote different functional activities. Black arrows indicate the cytokines that mainly drive the differentiation to specific subsets. RA together with TGF-b promotes the differentiation of Treg cells, which generally are antiinflammatory, whereas RA also decreases Th1 activity and often promotes Th2 functions (see text). Upward arrows show proposed "plasticity" or interconversion among some of the T cell subsets (see references 26, 37, and 39 for detailed reviews). The signature cytokines and potential outcomes, which also are determined by the environment and type of pathogen or antigen encountered, are listed. Effects of vitamin A or RA differ contextually but generally limit Th1 and Th17 processes while increasing Th2 and Tregmediated processes. Ab, antibody; DC, dendritic cells; Fox, forkhead; IFNg, interferon g; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, retinoic acid; RORgt, retinoid orphan receptor gt; TGFb, transforming growth factor b; Th, T helper; Treg, T-regulatory.
cell-surface chemokine receptor CCR9, involved in T cell migration, and the integrin family adhesion molecule a4b7, which binds to MAdCAM-1 (mucosal addressin cell adhesion molecule 1), are important for appropriate migration of guthoming T cells. Both molecules were reduced significantly in vitamin A-deficient mice (44) . In contrast, RA and an analog of RA that functions as a retinoid nuclear receptor ligand increased the expression of CCR9 and increased T cell chemotactic activity. It was also shown that the mesenteric lymph nodes (MLNs) express the gene for retinal dehydrogenase Raldh1a2 (RALDH2) and that 3 H-labeled retinol was metabolized to RA by MLN cells ex vivo (44) . These studies provided the first line of evidence that RA is essential for "imprinting" gut-homing specificity on T cells activated by intestinal DCs and suggested that MLN DCs are a source of RA that drives T cell differentiation toward the gut-homing phenotype (45) .
Further studies (46) have shown that the iTreg cells formed in the presence of RA are more effective in vivo in suppressing an acute small intestinal inflammation, but they were not more effective in a model of chronic colitis. In other studies, the guthoming T cells formed in the presence of RA were, after transfer in vivo, more effective than untreated cells in suppressing an acute small intestinal inflammation, but they were not more effective in a model of chronic colitis (47) . Thus, high amounts of certain cytokines may overcome the regulatory properties of T cells that are induced by RA. Others have reported finding that the conditions of vitamin A deficiency and vitamin A excess resulted in the induction of different subsets of Foxp3 + T cells, yet, surprisingly, both sets were effective in reversing an intestinal inflammation (48) . The differentiation of intestinal mucosal Treg cell responses is initiated by a subset of CD103 + DCs and dependent on TGF-b and RA (49) . These results newly identify RA as a cofactor in Treg cell generation, providing a mechanism via which functionally specialized gut-associated lymphoid tissue DCs can extend the repertoire of Treg cells focused on the intestine.
Other studies that have compared MLN cells and cells from peripheral tissues (spleen, cutaneous lymph nodes, or other sites) have also indicated that MLN cells express higher levels of genes likely to be involved in RA metabolism (50) . In a study of human CD8 + T cells stimulated with DCs from various sites, T cells cultured with MLN DCs in the presence of RA strongly expressed a 4 b 7 integrin and CCR9 proteins on their surface, whereas incubation with the retinoid receptor antagonist LE540 completely blocked this expression (51) . Furthermore, treatment of activated murine CD8 + T cells in vitro with DCs from different tissue sources, with or without RA, resulted in much higher gut-homing of T cells activated in the presence of MLN DCs and RA (51) . However, the increased expression of a 4 b 7 and CCR9 seems to require continued treatment with RA, because cells that were first stimulated in the presence of RA and later restimulated in its absence were less effective in a guthoming migration assay (51) . These cells therefore might not be fully imprinted but rather plastic in their phenotype.
Oral tolerance to foreign antigens requires a form of immune suppression. The relation between vitamin A and oral tolerance has been investigated in only a few studies, and the results at present are intriguing but complex. Chang et al (52) reported no differences between vitamin A-adequate and vitamin Adeficient mice in response to oral challenge with ovalbumin, a nonself protein, followed by systemic immunization with the same protein. It was reported that depletion of CCR7 + langerin + DCs, which were shown to express RALDH2, also resulted in reduced oral tolerance to ovalbumin. This suggests these DCs are important for the immune suppression that is necessary for tolerance to ingested antigens. MLN DCs from vitamin Adeficient mice, when cocultured with T cells, generated fewer Foxp3 + iTreg cells and more IL-17-producing T cells, compared with cocultures with MLN DCs from control mice (52) . Another study used mice carrying an IL-15 transgene in their DCs, as a model of celiac disease (gluten enteropathy) in humans in which IL-15 expression is elevated, and evaluated whether RA exerted an anti-or proinflammatory effect on isolated cells and in intact mice (53) . In the presence of IL-15, RA produced a more inflammatory response, shown by fewer Foxp3 + iTreg cells and a higher production of IL-12p70 and interferon g, indicative of an inflammatory Th1 cell response. Both RA and an agonist selective for binding to the nuclear receptor RAR increased c-Jun terminal kinase signaling, which is also consistent with a proinflammatory response. In contrast, the elimination of the RARa receptor prevented the expression of interferon g and IL-12p70 proteins in DCs cultured ex vivo. RA also synergized with IL-15 in intact mice to increase the proinflammatory response to gliadin feeding (53) . The results of these 2 studies suggest that whether RA promotes or impairs tolerance to exogenous proteins in the intestine may depend exquisitely on the cytokine environment. It can also be inferred that when RA is used for therapeutic purposes, it should be used cautiously in subjects with various inflammatory bowel conditions and sensitivities to dietary antigens.
OTHER ACTIONS OF VITAMIN A AND RA ON T CELL-DEPENDENT IMMUNITY
RA is also an important factor in the response to immunization, which requires collaboration among antigen-presenting cells, T cells, and B cells. Retinoids apparently have opposing effects on T cell and B cell proliferation, limiting the former but stimulating the latter (21, (54) (55) (56) (57) . Several reports have shown that vitamin A deficiency results in a poor response to immunization, with generally low antibody responses to immunization with T celldependent antigens (58, 59) . The IgA response was lower and the IgG response elevated in a mouse model of viral infection, but nonetheless both responses were dissimilar to the normal response of vitamin A-adequate mice (60) . In various animal models, vitamin A deficiency causes abnormalities in nearly all of the lymphocyte populations examined (61) (62) (63) . RA affects numerous B cell processes, both in isolated B cells in vitro and in intact animals, and it interacts with other costimulatory signals, such as cytokines and adjuvants, in a manner that is additive or synergistic (21) . Several aspects of the B cell response that are influenced by all-trans-RA are as follows: 1) germlineimmunoglobulin gene transcription (56); 2) expression of coreceptor molecules necessary for B and T cell activation (22); 3) rate of cell proliferation as noted above; 4) expression of enzymes such as activation-induced cytidine deaminase (56, 57) , an enzyme essential for antibody diversification by class switching and somatic hypermutation (64); 5) formation of the germinal center in which class switching and affinity maturation of antibodies take place (65); and 6) expression of B cell surface markers indicative of plasma cell development (57) . In studies conducted in adult and neonatal mice, the antibody titers produced after immunization with tetanus toxoid, a classical T celldependent antigen, were higher when RA was administered orally at the time of priming (first immunization). Moreover, the recall response to a second immunization several weeks later was much higher in animals that had received RA with their initial antigen priming (22, 66) . This may represent another form of "imprinting," in which memory T and B cells that developed in the presence of RA during the initial response to immunization continue to express differentiated characteristics that permit them to produce a more robust secondary antibody response when they are later stimulated with antigen alone. The results of these studies are relevant to understanding the role of vitamin A in the humoral antibody response to immunization, which is the hallmark of successful vaccination.
THE FIELD CONTINUES TO MOVE AHEAD RAPIDLY
The keen interest in retinoids and their ability to interact with growth factors and cytokines to regulate immune cell differentiation continues, and several interesting reports have appeared since this conference. A few highlights include a study that showed that TGF-b and RA induce the expression of a micro-RNA, miR-10a, in Treg cells, and that an outcome of this induction is reduction of the transcriptional repressor Bcl-6 and the corepressor N-Cor, which functions with a number of nuclear receptors (67) . The expression of miR-10a was shown to maintain the pool of inducible Treg cells and to limit the production of Th17 cells. It also was reported recently that CYP26b1, a cytochrome P450 implicated in RA catabolism, is expressed in antigen-experienced CD44 + T cells. Whereas RA induced CYP26b1 and limited the RA-induced expression of the gut-homing molecule CCR9, the presence of TGF-b limited the expression of CYP26b1 (68) . This would be expected to maintain or prolong higher RA concentrations in the cells, although RA concentrations have yet to be measured experimentally. Overall, new pathways are beginning to come into focus through which the RA signal is regulated, which may in turn influence the balance of T cell types and their tissue-homing ability. Other articles not cited here have also contributed recently to the understanding of regulatory lymphocyte populations, and more are expected in the future.
QUESTIONS FOR FUTURE RESEARCH
It is now understood that vitamin A through RA can alter the levels of expression of several hundred genes (50), thus regulating numerous physiologic processes. The discovery that vitamin A has a major impact on intestinal immunity adds to this understanding, and it also suggests important questions for future research. Vitamin A deficiency is an extreme condition, but marginal vitamin A status is relevant in many parts of the world. Does the immune system adapt to marginal vitamin A status, and if so how? Is marginal vitamin A deficiency a risk factor for poor response to infection, or poor tolerance to commensal organisms, or allergic responses to food proteins? As noted elsewhere in this supplement, vitamin A supplementation programs for children and women have been promoted by the WHO and instituted in numerous participating countries (69) . Does a large, bolus dose of vitamin A differ in its effect from that of a continuous, adequate dietary intake of vitamin A? Systemic immunity is also affected by vitamin A status, and similar questions about the sources of vitamin A and metabolic processes that generate RA in immune system microenvironments are also relevant. Recent studies have begun to shed light on RA synthesis and degradation pathways in immune system cells (44, 70) . As of yet, few studies have addressed vitamin A and immunity in the very young or the elderly, and yet infants, young children, and the elderly are the populations most vulnerable to infections and may have low vitamin A status. b-Carotene metabolism may also play a role, and it is interesting to note that duodenal infusion of b-carotene results in higher concentrations of RA in the portal vein (71) . This suggests that the mesenteric-splanchnic region may be a significant source of RA in the immediate postprandial period. RA is also a drug, and the impact of pharmacologic doses of RA on intestinal immune function needs to be further evaluated.
Other potential physiologic sources of vitamin A for RA production, both in the intestine and periphery, could include plasma retinol bound to retinol-binding protein (RBP) and chylomicron remnants. If RBP is involved, are there receptors for RBP, such as Stra6 (stimulated by retinoic acid 6) (72), on gut immune cells? Are there chylomicron remnant receptors on antigen-presenting cells that intercept newly absorbed chylomicron retinyl esters as a source of retinol for production of RA, as suggested by studies of bone marrow and blood leukocytes (73)? A challenge for the future is to better understand the connections between vitamin A nutrition, vitamin A metabolism, and immune function in contexts that are relevant to human nutrition. Future experimental studies that combine good animal models studied under conditions of dietary control with broadbased, systems-based informatics approaches are likely to better define the complex influence that vitamin A and RA have on immune system regulation, homeostasis, and response to infectious disease.
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